The goal of functional genomics is to determine the function of each protein encoded by an organism. Typically, this is done by inactivating individual genes and, subsequently, analyzing the phenotype of the modified organisms. In higher eukaryotes, where a tremendous amount of alternative splicing occurs, such approaches are not feasible because they have the potential to simultaneously affect multiple proteins that could have quite distinct and important functions. Thus, it is necessary to develop techniques that inactivate only a subset of proteins synthesized from genes encoding alternatively spliced mRNAs. Here we demonstrate that RNA interference (RNAi) can be used to selectively degrade specific alternatively spliced mRNA isoforms in cultured Drosophila cells. This is achieved by treating the cells with double-stranded RNA corresponding to an alternatively spliced exon. This technique may prove to be a powerful tool to assess the function of proteins synthesized from alternatively spliced mRNAs. In addition, these results have implications regarding the mechanism of RNAi in Drosophila.
INTRODUCTION
Alternative splicing is widely used in higher eukaryotes to increase protein diversity (Black, 2000; Graveley, 2001 )+ For example, it is estimated that 40-60% of human genes encode at least two alternatively spliced mRNAs (Modrek & Lee, 2002 )+ Many genes encoding transcripts subject to alternative splicing, however, can generate hundreds, thousands, or even tens of thousands of protein isoforms (Graveley, 2001 )+ The Drosophila Dscam gene, the most extreme case known to date, has the potential to generate over 38,016 different proteins via alternative splicing (Schmucker et al+, 2000) + Thus, as a result of alternative splicing, the number of proteins expressed by an organism can vastly exceed the number of genes contained in the genome+ One of the greatest challenges facing researchers today is the task of determining the function of each protein produced by a given organism+ Traditionally this is done by knocking out or inactivating individual genes and subsequently assessing the phenotype of the mutant organism (Kumar & Snyder, 2001 )+ For genes encoding alternatively spliced mRNAs, however, these strategies are problematic as they typically eliminate all of the transcripts produced from the gene+ As a result, for genes that produce multiple proteins with distinct and even opposing functions, the results from such experiments can be misleading+ Therefore, specific tools need to be developed to allow researchers to rapidly determine the function of distinct proteins encoded by different alternatively spliced mRNAs produced from a single gene+ RNA interference (RNAi) is a phenomenon that occurs in eukaryotes, including plants, worms, flies, and cultured mammalian cells, by which exogenous doublestranded RNA (dsRNA) induces the degradation of mRNAs sharing sequence homology with the dsRNA (Bernstein et al+, 2001; Zamore, 2001; Hutvágner & Zamore, 2002 )+ Because any protein can essentially be "knocked out" by simply introducing dsRNA corresponding to the mRNA of interest, RNAi has many experimental applications and tremendous therapeutic potential+ RNAi is already playing a prominent role in the analysis of gene function+ For example, RNAi has been used to determine the function of thousands of Caenorhabditis elegans genes (Fraser et al+, 2000; Gonczy et al+, 2000; Maeda et al+, 2001 )+ Last year, one of us proposed that RNAi could be used to assess the function of proteins encoded by alternatively spliced mRNAs by using dsRNAs corresponding to specific al-ternative exons (Graveley, 2001; Fig+ 1A) + However, the recent demonstration in C. elegans (Sijen et al+, 2001) or Drosophila embryo extracts (Lipardi et al+, 2001 ) that an RNA-dependent RNA polymerase (RdRP) protein or activity may be involved in the mechanism of RNAi suggested that RNAi may not be an effective means to destroy specific alternatively spliced mRNA isoforms+ Rather, as will be outlined below, these new results predict that alternative exon-specific dsRNAs would trigger the destruction of all mRNAs synthesized from a gene (Nishikura, 2001 ; Fig+ 1B)+ When dsRNA is introduced into cells, the enzyme Dicer processes it into 21-23-nt small interfering RNAs (siRNAs), which are incorporated into an RNA-induced silencing complex (RISC) (Bernstein et al+, 2001; Hutvágner & Zamore, 2002 )+ Upon interaction of the RISC with the target mRNA via Watson-Crick base pairing involving the complementary siRNA, the target mRNA is degraded by an as-yet-unidentified ribonuclease+ In an elegant set of experiments, Fire and coworkers recently demonstrated that during the process of RNAi in C. elegans, secondary siRNAs are generated that are complementary to the mRNA upstream of the sequence corresponding to the primary dsRNA trigger (Sijen et al+, 2001 )+ These secondary siRNAs subsequently induce the degradation of other mRNAs containing complementary sequences-a process termed transitive RNAi+ Secondary siRNAs may be generated by the extension of a primary siRNA "primer" annealed to the target mRNA, creating a new region of dsRNA that presumably acts as a Dicer substrate+ The siRNA primer extension reaction is most likely catalyzed by one of two RdRPs, the gene products of ego-1 in the germline and rrf-1 in somatic cells+ The EGO-1 and RRF-1 proteins are homologous to RdRP proteins previously identified in tomato, Neurospora crassa, and Arabidopsis (Bernstein et al+, 2001; Sijen et al+, 2001; Hutvágner & Zamore, 2002) , and to proteins encoded by two other C. elegans genes, rrf-2 and rrf-3 (Sijen et al+, 2001 )+ Both ego-1 and rrf-1 are required for RNAi in C. elegans (Nishikura, 2001; Sijen et al+, 2001; Hutvágner & Zamore, 2002 )+ Interestingly, neither the Drosophila nor the human genomes appear to contain genes homologous to this well-conserved family of RdRPs+ Despite the absence of an identifiable RdRP homolog in Drosophila, Lipardi et al+ (2001) have succeeded in detecting an activity in Drosophila embryo extract that shares properties with those predicted for an RdRP+ Although it has not been demonstrated in vivo, and has not been detected previously in vitro (e+g+, see Zamore et al+, 2000; Hammond et al+, 2001; Nykanen et al+, 2001) , the presence of an RdRP activity in Drosophila embryo lysates suggests that transitive RNAi should occur in Drosophila+ If true, then it should not be possible to degrade specific alternatively spliced mRNAs using dsRNA triggers corresponding to an alternative exon (Nishikura, 2001 )+ FIGURE 1. Exon-specific RNAi and the consequence of transitive RNAi+ A: The dsRNA trigger corresponding to exon 2 of the hypothetical gene shown is processed by Dicer into 21-23-nt siRNAs+ These siRNAs induce the degradation of the mRNA isoform containing the targeted exon, but not the mRNA isoform lacking exon 2+ B: In a model involving an RdRP, the primary siRNAs prime the synthesis of dsRNA upstream of exon 2, which is then processed into secondary siRNAs by Dicer+ These secondary siRNAs, which are complementary to exon 1, will subsequently induce the degradation of all exon 1-containing mRNAs by transitive RNAi+ Exon-specific RNAi 719
Here we demonstrate that dsRNA triggers corresponding to alternative exons can selectively and efficiently target the degradation of specific alternatively spliced mRNA isoforms in cultured Drosophila S2 cells+ The efficiency and specificity of exon-specific RNAi suggests that secondary siRNAs are not produced in cultured Drosophila cells, or are not produced at levels high enough to induce transitive RNAi+ Thus, this technique may be a powerful tool to assess the function of proteins encoded by specific mRNA isoforms in Drosophila+
RESULTS
We were interested in testing the possibility that RNAi could be used as a tool to determine the functional relevance of alternative splicing+ Specifically, we wanted to determine whether a dsRNA trigger corresponding to an alternative exon could be used to destroy mRNA isoforms containing the targeted exon, but not other mRNA isoforms lacking the targeted exon that are generated from the same gene (Fig+ 1A)+ As a target, we selected the D. melanogaster Dscam gene, which is endogenously expressed in Drosophila Schneider (S2) cells+ The Dscam gene contains 95 alternative exons and can potentially generate 38,016 different mRNA isoforms (Schmucker et al+, 2000) + The alternative exons are organized into four clusters (the exon 4, 6, 9, and 17 clusters) and the exons within each cluster are alternatively spliced in a mutually exclusive manner+ For these experiments, we have focused on the exon 4 cluster, which contains 12 alternative exons-4+1 through 4+12 (Fig+ 2)+ To test whether RNAi can be used to destroy specific mRNA isoforms, we chose to target Dscam mRNAs containing exons 4+1 or 4+4, which are two of the most abundant exon 4 variants utilized in S2 cells+ We therefore synthesized two separate dsRNA triggers containing the entire sequence of Dscam exons 4+1 or 4+4 by bidirectional transcription with T7 RNA polymerase+ S2 cells, which are derived from late embryonic cells (Schneider, 1972) , were treated with each dsRNA trigger alone or in combination+ After 3 days, total RNA was harvested and subjected to RT-PCR using primers in constitutive exons 3 and 5+ The RT-PCR products were then resolved on an SSCP gel (Celotto & Graveley, 2001) Figure 3A revealed that the exon 4+1 dsRNA trigger caused a slight decrease in the abundance of exon 4+8-containing transcripts (1+6% in untreated cells vs+ 0+5% in exon 4+1 dsRNA-treated cells)+ Subsequent experiments demonstrated that a full-length exon 4+8 dsRNA trigger caused the degradation of both exon 4+8-and exon 4+1-containing mRNAs (data not shown)+ However, shorter exon 4+1 and exon 4+8 dsRNA triggers (79 bp at the 59 end of each exon) lacking the identical sequence were absolutely specific for the targeted exon (data not shown)+ These results demonstrate that alternative exon-specific dsRNAs can efficiently trigger the degradation of the targeted mRNA isoforms in vivo with no detectable effect on mRNA isoforms lacking the targeted exon+
In the model involving an RdRP in RNAi, when cells are treated with Dscam exon 4 dsRNAs, secondary A.M. Celotto and B.R. Graveley siRNAs corresponding to Dscam exon 3 should be synthesized and trigger transitive RNAi (Fig+ 1B)+ However, we do not observe any decrease in the levels of the Dscam mRNA isoforms containing nontargeted exon 4 variants+ To ensure that secondary siRNAs corresponding to exon 3 are capable of inducing the degradation of the entire Dscam mRNA population, we treated cells with dsRNA corresponding to exon 3+ Upon cleavage of this dsRNA by Dicer, siRNAs will be produced that are similar or identical to secondary siRNAs that would be synthesized by an RdRP+ After 3 days of incubation with dsRNA, total RNA was harvested from FIGURE 3. Exon-specific dsRNAs selectively target specific mRNA isoforms in Drosophila S2 cells+ A: S2 cells were incubated with 20 mg of the indicated dsRNA triggers+ The dsRNA triggers contained the entire nucleotide sequence of the targeted exon+ After 3 days of incubation, total RNA was isolated from the cells and used as a template in RT-PCR with primers in constitutive exons 3 and 5+ Due to the fact that all of the exon 4 variants are approximately the same size, we used single-strand conformational polymorphism gel electrophoresis to resolve the 12 possible RT-PCR products (Celotto & Graveley, 2001 )+ The identities of the exon 4 variants contained in each RT-PCR product are indicated+ B: Quantitation of the data in A+ The relative abundance of the RT-PCR products derived from mRNAs containing the targeted exons (4+1 and 4+4; top) and two nontargeted exons (4+12 and 4+3; bottom) are shown graphically+ The abundance of the mRNA contained in untreated cells was arbitrarily set at a value of 1+0+ C: Semiquantitative RT-PCR+ The abundance of the total Dscam mRNA population was measured with respect to the ribosomal protein 49 mRNA (RP49)+ The RT-PCR products were analyzed in the exponential phase of amplification (25 cycles for Dscam and 15 cycles for RP49) using the RNA isolated in A as a template+ The RP49 primers were added to the PCR reaction after the first 10 cycles+ The mechanism of RNAi in Drosophila
As mentioned, recent experiments suggest that an RdRP may be involved in the mechanism of RNAi in C. elegans (Sijen et al+, 2001 ) and D. melanogaster (Lipardi et al+, 2001 )+ The RdRP-dependent synthesis of dsRNA upstream of the sequence complementary to the primary siRNA triggers should lead to the production of secondary siRNAs that can target other mRNAs in the cell (Nishikura, 2001; Hutvágner & Zamore, 2002 )+ One prediction of this model is that a dsRNA trigger corresponding to an alternatively spliced exon will catalyze the synthesis of secondary siRNAs complementary to upstream constitutive exons (Fig+ 1B)+ These secondary siRNAs would then lead to the degradation of all mRNA isoforms encoded by the targeted gene via transitive RNAi (Nishikura, 2001 )+ Although the results of Sijen et al+ (2001) clearly demonstrate that transitive RNAi can occur in C. elegans, it remains to be shown that the RdRP activity identified in Drosophila embryo lysate is involved in RNAi in vivo (Lipardi et al+, 2001 )+ However, during the course of our experiments, we made no observations to indicate that transitive RNAi occurs in cultured Drosophila cells+ This could be due to the fact that secondary siRNAs are not generated at levels high enough to activate transitive RNAi+ Alternatively, the RdRP activity identified in Drosophila embryo extract (Lipardi et al+, 2001) may not be present in S2 cells or is unrelated to the mechanism of RNAi in Drosophila+ Regardless, the simplest explanation is that, at least in Drosophila S2 cells, RNAi does not appear to involve the RdRP-dependent synthesis of secondary siRNAs+
Exon-specific RNAi and functional genomics
Given the large number of genes that encode alternatively spliced mRNAs in higher eukaryotes such as plants, C. elegans, Drosophila, and mammals, exonspecific RNAi may prove to be an important tool in elucidating the function of protein isoforms synthesized from alternatively spliced mRNAs+ However, the existence of transitive RNAi in C. elegans (Sijen et al+, 2001) , and the clear involvement of an RdRPs in RNAi in Arabidopsis (Mourrain et al+, 2000) , suggests that exon-specific RNAi may be of limited use in addressing this problem in plants and worms+ In these organisms, this approach may be confined to the analysis of alternative mRNA isoforms that are expressed in different cells or at different times in development+ However, our results demonstrate that this technique is quite effective in cultured Drosophila cells and may very well work in intact flies+ It will be interesting to test whether this technique can also be used to assess protein function in mammals, which appear to lack an RNAi-related RdRP+
Although it remains to be tested, our results suggest that exon-specific RNAi has a high probability of working in flies+ Currently, there are two methods used to perform RNAi in Drosophila-microinjection of dsRNA and the expression of dsRNAs in transgenic flies (Adams & Sekelsky, 2002 )+ The advantages of microinjecting dsRNAs into Drosophila embryos are that it is rapid, and that both maternal and zygotic transcripts can be affected+ However, microinjection also has the disadvantages that it often is not effective at late stages of development, and that the modified organisms are not stable, forcing the researcher to reinject embryos for each experiment+ In contrast, generating transgenic flies that express dsRNAs, either as an inverted repeat or sense and antisense strands, is time-consuming and laborious+ However, using this method, expression of the dsRNA can be controlled in a developmental and A.M. Celotto and B.R. Graveley tissue-specific manner+ Moreover, transgenic lines expressing dsRNAs are a stable resource+ We envision that both strategies will be useful for performing exonspecific RNAi to assess protein function depending upon the needs of the researcher+ Regardless, if exon-specific RNAi works in flies, it will likely be a powerful functional genomics tool+
MATERIALS AND METHODS

dsRNA synthesis
Transcription templates encoding the exon-specific dsRNAs were generated by PCR using oligonucleotide primers containing a T7 RNA polymerase promoter and a region complementary to the exon of interest and Dscam cDNA clones as a template+ The PCR products, which contained bidirectional T7 promoters, were transcribed using the RiboMAX high yield transcription kit as described by the manufacturer (Promega)+ The entire sequence of exons 4+1 and 4+4 were contained in the exon 4+1 and 4+4 dsRNAs+ In contrast, only the 39 most 308 nt of exon 3 were contained in the exon 3 dsRNA+
Cell culture
A 30-mL Drosophila S2 cell stock culture was grown in suspension in a 100-mL disposable Erlenmeyer flask at 27 8C and shaking at 150 rpm+ The cells were grown in Drosophila SFM (Invitrogen) supplemented with Penn/strep and glutamine+ Prior to treatment with dsRNA, 1 ϫ 10 6 cells were seeded into each well of a six-well culture dish and grown overnight at 27 8C+
RNAi treatment and analysis of Dscam alternative splicing
Twenty micrograms of each dsRNA were added directly to the culture medium containing 1 ϫ 10 6 cells in each well of a six-well tissue culture dish+ The cells were incubated at 27 8C for 3 days+ Total RNA was isolated with Trizol (Invitrogen) as suggested by the manufacturer+ Five micrograms of total RNA were used in RT-PCR reactions as described (Celotto & Graveley, 2001 ) to analyze Dscam alternative splicing+ The RT-PCR products were resolved on an SSCP gel as described previously (Celotto & Graveley, 2001 )+ The semiquantitative RT-PCR was performed by examining the accumulation of PCR products during the exponential phase of amplification using ribosomal protein 49 (RP49) mRNA as an internal control+ For the experiments shown in Figures 3C and 4 , this corresponded to 25 cycles for Dscam and 15 cycles for RP49+ The RP49 primers were added to the PCR reaction after the first 10 cycles+
NOTE ADDED IN PROOF
We have become aware of two other reports of exon-specific RNAi+ Cho et al+ (2000) have examined the C. elegans Sarco/ Endoplasmic Reticulum Calcium ATPase (SERCA) gene that generates two mRNA isoforms (ser-1A and ser-1B) that differ by the inclusion of one of two 39 terminal exons+ To determine if these two isoforms have distinct functions, they individually injected dsRNAs corresponding to the exons unique to the ser-1A or ser-1B isoforms into worms and scored the phenotype of the F1 progeny+ They found that worms treated with the ser-1A dsRNA displayed embryonic lethality, while the worms treated with ser-1B dsRNA arrested at the larval L1 stage+ Although Cho et al+ observed distinct phenotypes upon injection of the two different dsRNAs, they did not examine the SERCA mRNAs to determine if only the targeted isoform was degraded+
More recently, Kisielow et al+ (2002) used two different synthetic siRNAs in HeLa cells to inactivate specific mRNA isoforms of the human SchA gene, which generates two mRNA isoforms that differ in the 59 terminal exon due to alternative promoter usage+ One siRNA that Kisielow et al+ used was designed to degrade both mRNAs, while the other only degrades one isoform+ Although they did not examine the mRNAs directly, Kisielow et al+ used western blots to clearly demonstrate that the isoform-specific siRNA significantly decreased the level of the targeted protein isoform only+ Due to the nature of the alternative splicing of this gene, these experiments do not address whether transitive RNAi occurs in humans+ However, it is clear that exon-specific RNAi works well in cultured human cells+
